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Abstract 
Although the physical dimensions of 
chromosomes are such that they fall well within 
the spatial resolving power of scanning electron 
microscopes, results in the past have been 
disappointing. This is most likely due to limita-
tions in preparative techniques, coupled with the 
initial necessity to separate the chromosomes 
from the remainder of the metaphase cell. Two 
approaches have been employed, a; to use a 
variety of isolation buffers which provide bulk 
chromosome preparations, b; to use metaphase 
spreads prepared essentially as for light 
microscopy and re-processed for SEM. In the 
former, wide variations in chromosome surface 
topography and fibre organisation arise according 
to the choice of isolation buffer, and mixed 
populations preclude individual chromosome 
identification. In the latter the shortcomings 
in preparation can be considered the air drying 
that occurs during the making of spreads, and the 
initial use of methanol/acetic acid fixation. In 
our view however, these limitations in 
preparation are more than compensated by the 
ability to identify individual chromosomes, 
resolve chromatin fibre organisation, and compare 
the structural changes produced by a variety of 
banding techniques. Using this technique we have 
established a structural basis for the 
differential staining patterns that result from G 
and C banding treatments. 
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Introduction 
In a short paper with 2 micrographs in Nature 
entitled "Visualisation of Human Somatic 
Chromosomes by Scanning Electron Microscopy" 
(Christenhuss et al, 1967), the authors stated 
that, "New preparative procedures must be 
developed to give naked chromosomes which are not 
grossly modified, and no essential alterations 
must be produced by fixation". Eighteen years 
later, al though much investigated, the problems 
of chromosome structure at a higher level remain 
largely unresolved. During the 1970s, when the 
use of the scanning electron microscope in 
biology in general was flourishing, there were 
only sporadic reports of chromosomes studies 
(Tanaka et al, 1970; Kingsley-Smith, 1970; 
Golomb and Bahr, 1970), possibly as a result of 
the increased detail of human chromosomes in the 
light microscope arising from a variety of novel 
staining techniques which allowed the resolution 
of specific banding patterns (Sumner et al, 
1971). Studies by Daskal et al (1976); Iino and 
Tanaka (1975) and Iino (1975)~enerally appeared 
to confirm the folded fibre model of Dupraw 
(1965), but it could be reasonably argued that 
more progress in chromosome structure was made by 
the combined biochemical and TEM approaches of, 
for example Burkholder (1975), Paulson and 
Laernmli (1977), and Adolph et al (1977). Only 
since approximately 1980 does the scanning 
electron microscope appear to have been more 
generally applied to chromosome structure, 
possibly as a result of the wider availability of 
high resolution instruments. Several areas of 
chromosome morphology are currently under active 
investigation, from the early stages of chromatin 
packaging in 'PCC' (prematurely condensed 
chromatin) protocols (Mullinger and Johnson, 
1984; Hanks et al, 1983) to investigations of a 
wide variety of species and chromosome types 
(Iino and Nagai, 1981; Angelier et al, 1984) to 
the isolation of entire metaphase plates for the 
study of supra chromosomal organisation (Welter 
and Hodge, 1985). Thus the scanning electron 
microscope is an eminently applicable tool for 
the investigation of chromosomes at all levels, 
from extending the range of the light microscope 
in specific cytogenetic aberrations such as the 
fragile X syndrome (Harrison et al, 1983b) ; 
chromatid substructure as a result of banding pre-
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treatments (Harrison et al, 1982; Jack et al, 
1985); high resolution studies on chromatin fibre 
packing (Harrison et al, 1982) and there is also 
further potential for-the internal organisation 
of intact chromosomes (see below)). 
Light Microscope Methods for Chromosomes 
Chromosomes occur in metaphase cells, often 
harvested in increased numbers by mitotic arrest 
induced by spindle poisons such as colchicine. 
Large variations in the number of metaphase cells 
available for harvest for chromosomes exist 
between tissue culture cells, which can be 
synchronised to almost 100% mitosis, whereas in 
human peripheral lymphocytes, a 5% mitotic index 
is the maximum attainable. From such a 
population of cells, the chromosomes may be 
extracted as a pooled mixture, in which case they 
cannot be individually identified, or as a 
metaphase spread preparation where each metaphase 
cell is burst separately on a coverslip allowing 
chromosome identification within the karyotype. 
As chromosomes cannot be liberated from metaphase 
cells without hypotonic swelling and physical 
rupture of the membrane, there is clearly a 
potential for structural variation which starts 
well before SEM preparation. In the case of 
human blood peripheral lymphocytes, the cells are 
swollen in 75mM Kcl for 8 minutes at room 
temperature, and then fixed in 3.1 absolute 
methanol:acetic acid fixative. This fixative 
does not preserve the majority of the cytoplasm, 
and also extracts some histone Hl protein, 
although the other histones and majority of 
non-histones appeared largely unaffected on SDS 
polyacrylamide gel analysis (Burkholder and 
Duczek, 1982). Methanol-acetic fixation is 
widely used for chromosome ultrastructural 
studies, as it is the only fixative to fix 
chromosomes in situ and permit chromosome 
spreading (Burkholder, 1977; Ruzicka, 1977). 
Furthermore, methanol-acetic acid does not alter 
the basic 30 nm chromatin fibre in prematurely 
condensed chromosomes or metaphase chromosomes, 
although some decrease in fibre diameter may 
occur (Cheung et al, 1981; Ris, 1978). At the 
whole chromosome level, Jorgensen and Bak (1982) 
have shown an increase in length in methanol 
acetic acid fixed chromosomes compared with 
chromosomes in living cells, although it is 
possible that the increase in length may have 
resulted from the hypotonic treatment prior to 
methanol-acetic acid fixation. 
SEM Methods for Chromosomes 
Metaphase cells may be burst in a variety of 
ways to liberate their chromosomes, either by the 
simple addition of a small quantity of detergent, 
(Gooderham and Jeppesen, 1983), swirling on a 
vortex mixer, shearing through a hypodermic 
syringe needle (Wray and Stubblefield, 1970), 
nitrogen cavitation (Skinner and Ockey, 1971) or 
a tissue homogeniser (Adolph and Kreisman, 1983). 
Our own method, which is typical for 
light microscopy, involves dropping a small 
amount of swollen, fixed metaphase cell 
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suspension at 0°C onto a pre-moistened coverslip. 
The drop hi ts the coverslip, spreads out, and 
then the cells are burst, lysing individual 
metaphase cells as the liquid/vapour interface 
retreats over the cells during the evaporation of 
the fixative (Harrison et al, 1981). Although 
this process may appNr -heretical to the 
experienced biological scanning microscopist, it 
is necessary in this case as it is the only 
preparative procedure which allows individual 
chromosome identification (Fig.1) (i.e., retains 
the karyotype). A comparison of chromosomes 
released with and without air drying shows that a 
single air drying does not appear to damage the 
fine structure, particularly after rehydration 
and banding pretreatments, and re fixation using 
glutaraldehyde and osmium-TCH fixatives (Figs. 
2a,b). Chromosomes prepared in this way show no 
overall flattening, collapse, or surface 
aggregation of chromatin fibres, and can retain 
the differential surface morphology in the form 
of circumferential grooves after G-banding 
pretreatments. Thus although it cannot be argued 
that the surface tension forces of air drying do 
not affect the chromosomes during the initial air 
drying, any deleterious consequences would appear 
reversible during subsequent protocols. The 
final structure of chromosomes treated in this 
way bears favourable comparison with both light 
microscopy and transmission electron microscopy 
in terms of overall size and fibre diameter . 
Furthermore, an air dried preparation is the 
normal starting point for all banding techniques, 
both for light microscopy and biochemical 
investigation (Burkholder and Duczek, 1982). 
This type of preparation has also allowed direct 
comparison of a particular chromosome in both the 
light microscope and scanning microscope by a 
relocation technique (Harrison et al, 1985b) 
which is particularly useful in assessing the 
extent of light microscope staining after banding 
techniques in relation to SEM morphology. 
Isolation of Chromosomes Without Air-Drying 
The more biochemical approaches to 
chromosome isolation have concentrated on the 
retention of both morphology and biochemical 
characteristics. These types of preparations 
have the same initial preps of accumulated 
metaphase cells, but the cells are lysed into 
isolation buffers. In a recent survey, the main 
isolation buffers were compared by Tein Kuo 
(1982). A variety of conditions appear to 
maintain chromosome morphology varying from pH 
2.1 to 10.5, the addition of divalent cations, 
organic substances such as hexylene glycol 
polyamines together with chelating agents. Our 
own investigations compared low pH buffer, 
Burkholder and Mukherjee, 1970), a buffer 
containing hexylene glycol (Wray and 
Stubblefield, 1970) and a widely accepted 
appropriate medium (Blumenthal et al, 1979) for 
chromosome isolation. The lattermedium contains 
spermine, spermidine, EGTA and EDTA, which 
together prevent swelling and inhibit nuclease 
activity. All three isolation buffers showed 
reasonable overall preservation of structure, 
although the separation of individual chromatids 
Chromosome Preparation for SEM 
is poor, and in all the cases, the surface 
morphology was 'knobby' in appearance rather than 
the typically fibrillar appearance of a methanol 
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Fig. i Low power micrograph of the chromosome 
complement of a single human lymphocyte,after 
hypotonic swelling, fixation in methanol-acetic 
acid, bursting on the surface of a coverslip, 
air drying, tryspin pretreatment for G-banding, 
re-fixation in glutaraldehyde, osmium-TCH 
impregnation, critical point drying and sputter 
coating. Bar; l0µm 
Fig. 2a,b. Single chromosome prepared as stated 
in Fig.l, for comparison with Fig.2b, a 
chromosome liberated from the cell without air 
drying, but otherwise treated in exactly the same 
way as in Fig. 1. Bars; lµm 
Fig. 2c Detail of preparation from Fig.2b, 
showing distribution of chromatin fibres over the 
surface of the non-air-dried chromosome. Bar 
;0.Sµm. 
Fig. 3a Chromosome isolated in solution in a 
stabilising isolation buffer containing hexylene 
glycol (pH 6.5) (Wray and Stubblefield, 1970) and 
subsequently prepared for SEM via glutaraldehyde 
and osmium-TCH. Individual chroma tids are not 
apparent, and the surface morphology has a 
'knobby' rather than fibrous appearance, 
indicative of some increase in fibre diameter. 
Bar ; lµm 
Fig. 3b Chromosome isolated in a buffer 
containing EGTA, sperrnine and sperrnidine (pH 7.2) 
(Blumenthal et al,1979). Again it is difficult 
to resolve individual chromatids, but the surface 
morphology appears intermediate between the 
fibrillar structure of methanol-acetic acid 
prefixation, and knobby appearance of chromosomes 
isolated in hexylene glycol buffer. Bar; 2µm 
Fig. 3c Chromosome isolated in a buffer of low pH 
lo1+ pH (2.Ji containing citric acid, sucrose, 
Ca and Mg and 0.01 Triton X 100. (Burkholder 
and Mukherjee, 1970). Although the overall 
appearance is similar to 3a, 3b, the detail 
(Fig. 4b) reveals a more fibrous surface 
morphology. Bar; lµm 
acetic acid fixed specimen (Figs. 3, 4) . These 
results are consistent with those of Adolph and 
Kreisman (1983), who used similar isolation 
buffers, and found that the surface 
protruberances could be va:r;_\ed by alterations in 
the concentrations of Mg ions (Adolph and 
T.D. Allen, E.M. Jack, C.J. Harrison, et al. 
Figs.4a,4b Detail of surface morphology of Figs. 
3a, 3c. Bars: 0.Sµm 
Kreisman, 1983,1985). Clearly, therefore the way 
that the chromosome is extracted prior to SEM 
preparation can be a major influence on its 
ultimate appearance in the SEM. 
Use of SEM for Chromosome Structure 
The resolution limits of modern scanning 
microscopes are well within the levels necessary 
to resolve all surface detail available from 
chromosome preparations with perhaps the 
exception of a fibre of naked DNA. The unit 
fibre of both the interphase nucleus and mitotic 
chromosomes is chromatin, which has a diameter of 
between 25 and 30 nm, and is composed of a 
solenoidal arrangement of nucleosomes, which are 
composed of an octamer of hi stone proteins. The 
nucleosome diameter is 8 nm, but has not as yet 
been imaged in situ in chromatin using scanning 
microscopy. This is more likely due to the short-
comings of chromatin and chromosome preparation 
therefore rather than lack of resolving power in 
the SEM. With this limitation therefore, the SEM 
is the ideal method for extension of chromosome 
detail past the light microscope, the surface 
details of chromatin fibre packing, and the 
variations in structure produced by various 
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Fig. Sa Overall morphology of chromosomes 
isolated on a glass coverslip after hypotonic (75 
rnM KCl) and 3 .1 methanol acetic acid fixation, 
brief trypsinisation (for G-banding) and 
glutaraldehyde/osmium/TCH fixation, dehydration 
and critical point drying from CO via Freon 112 
as intermediate solvent (Harrisoi et al, 1982). 
The chromatids and centromeres are clearly 
visible, probably as a result of cell 
lysis against a surface, rather than in solution. 
Because the chromosomal complement of each cell 
is released and deposited in a distinct area, the 
chromosomes can be individually identified. The 
two largest chromosomes are the Number 2 pair, 
and then in decreasing length, chromosomes 7, 13 
and 21. Bar: 2 µm 
Fig. Sb Detail of surface morphology, for 
comparison with Figs. 2c, 4a,4b. Bar: 0.Sµm. 
biochemical and staining protocols. Chromatid and 
centromere organisation is clearly visible in SEM 
preps, and it is clear that there is no increase 
in fibre diameter above that of chromatin as seen 
in interphase nuclei (Fig.5). The ability to tilt 
the specimen clearly shows the cylindrical 
morphology of chromosomes, and also the reduction 
in diameter of regions termed satellites as found 
on the F group chromosomes in the human karyotype 
Chromosome Preparation for SEM 
Fig. to show 
decrease in diameter of the 
6 Use of SEM the successive 
chromatid of 
chromosome 22, between the q arm, p arm 
and satellites (specimen tilted at 55°) .Bar = 
0.5µm 
Fig. 7 Use of SEM to display induced alteration 
in chromosome structure. The human lymphocytes 
used for culture were subjected to 300 rads X-ray 
treatment, resulting in chromosome breaks 
allowing direct comparison between the fibre 
organisation at the telomere (right) i.e. a 
'natural' end, and the X-ray induced break 
(left). Specimen tilted at 55°. Bar = lµm 
(Fig.6). The telomere region at the ends of the 
chromosome can be imaged and compared for 
instance to the fibre organisation shown when 
breaks along the length of the chromosome are 
induced by X irradiation (Fig.7). Fragile sites 
in human chromosomes of known phenotypic effect 
can be shown to be possibly the result of a 
deficiency in chromatin condensation in that 
region (Harrison et al, 1983b). 
Variations in Chromatid Fibre Organisation 
Induced by Banding Techniques 
The induction of differential staining over 
the length of the chromosomes can be achieved by 
a variety of biochemical pretreatments. Recently 
however, in spite of the chemical diversity of 
banding methods, it has been demonstrated that 
for each type of banding, regardless of the 
method of production, there are specific 
quantitative and qualitative changes in the 
proteins of chromatin, and that different types 
of banding induce substantially different effects 
on the chromosomal proteins (Burkholder and 
Duczek, 1982). Our own studies have shown that 
there is a direct relationship between the 
surface morphology of G banded chromosomes and 
the areas of positive staining in the light 
microscope (Harrison et al, 1981, 1985b). G 
banding pretreatments induce a series of grooves 
which may well reflect stages during the final 
spiralisation of chromosome condensation (Fig.8) 
(Jorgensen and Bak, 1982). Analysis of protein 
extraction after G banding treatments shows 
largely non-histone proteins to be extracted and 
that the histones were relatively resistant 
(Burkholder and Duczek, 1982; Comings et al, 
1973). C banding pretreatments however extr~t 
more histones, and it was also suggested that 
protein degradation products may remain bound to 
the chromatin. The difference in appearance of 
the positive staining regions in C banded 
chromosomes (Fig. 9) from both the non-staining 
regions and similar regions of G banded 
chromosomes clearly shows that these must be a 
structural as well as biochemical variation along 
the chromosome length. 
Potential of SEM for Studies of Internal 
Chromosome Organisation 
One of the more contentious aspects of 
chromosome structure that has arisen recently is 
whether or not each chromatid possesses a central 
30 3 
Fig. 8 Low power micrograph of part of a human 
metaphase spread after G banding pretreatment 
(Harrison et al, 1981) showing the distinctive 
circumferential grooves over the surface of the 
chromatids (specimen at 55° tilt). Compare the 
appearance of the grooves with those in Fig.2a, 
from an untilted specimen. Bar= 2µm 
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'backbone' not unlike the wire core of a 
test-tube brush which provides anchoring points 
for the multiple loops of chromatin along the 
chromatid. Evidence for such a structure comes 
from studies involving the total extraction of 
hi stones from metaphase chromosomes, which 
disperses the DNA within the chromatin fibre, but 
leaves behind a 'scaffold' of chromosome 
morphology which is composed of non-histone 
proteins (Paulson and Laemmli, 1977). Some 
further evidence for an axial anchoring of 
chromatin loops comes from TEM (Adolph, 1981), 
but the existence of a scaffold of non-histone 
proteins is not universally accepted. To date, 
the existence of a scaffold has only been shown 
convincingly in hi stone depleted dispersed 
chromosomes, and therefore requires investigation 
as to whether it exists as a structural entity in 
whole chromosomes. We are currently investigating 
chromosome preparations in an attempt to 
visualise internal structure in two ways, 
backscattered electrons and ion beam etching or 
fast atom bombardment. 
Backscattered imaging of normally prepared 
G-banded, (glutaraldehyde fixed, osmium TCH 
impregnated) chromosomes shows that 
circumferential grooves may display different 
levels of signal indicating different depths not 
apparent in secondary electron images (Fig.10). 
When chromosomes are stained in the standard 
protocol for silver staining identification of 
nucleolar organiser regions (Howell et al, 1975) 
and imaged using a backscatter detector";- strong 
signals are obtained for the regions which are 
opaquely stained in the light microscope, but 
there is also the appearance of a central rod of 
material which gives a signal in the 
backscattered mode which is invisible in the 
light microscope {Fig.11). Whilst this may well 
indicate the presence of a chromosomal scaffold, 
further investigation is required for 
confirmation. Clearly therefore, the penetration 
for back scattered investigation of chromosomes 
is not a limiting factor. In a current 
investigation to attempt to reveal internal 
organisation of whole chromosomes, we have 
compared ion beam etching with fast atom 
bombardment. Ion beam etching, was carried out 
using an Ion Tech (Teddington, U.K.) B370 
Microsputter module with a Cl2 water cooled 
saddle field ion source operated at 40 watts { 5 
mA and 8 kV). Etching for 5 mins with the ion 
beam source at an angle of 45° produced classic 
"jagged mountain" charging artefact in interphase 
nuclei, and similar apparently unspecific damage 
in chromosomes (Figs. 12,13). Conversely, use of 
the FAB 26 Saddle field gun in the B365 
microworkshop which produces a neutral beam of 
fast atoms appears to produce removal of surface 
material from chromosome preps without apparent 
damage to the remaining structure (Fig .14) . 
Removal of the surface material shows a partial 
removal of the usual closed loop surface fibre 
morphology (Harrison et al, 1982) , and reveals 
longer regions of unbroken chromatin f_ibre, often 
running parallel to the long axis of the 
chromosome. More substructure may be visible in 
these longer lengths of chromatin, possibly due 
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to an initial removal of contaminating cytoplasm 
over the nucleosome content of the chromatin 
fibre (Fig.14). 
Conclusions 
We feel that useful information in terms of 
the higher orders of chromosome organisation can 
be readily obtained by the SEM. Perhaps the most 
relevant information will be that which results 
from the changes that can be induced from 
consistently prepared material subsequently 
treated in different ways, as for instance in the 
case of the different structure shown in human 
lymphocyte chromosomes after different banding 
techniques. Because of the variety of surface 
morphologies that have been demonstrated in 
biochemically extracted chromosomes, we feel that 
it is difficult if not impossible to assign a 
'correct' surface morphology, as the chromosome 
in the dividing cell does not appear to possess 
an obvious 'interface' between it and the 
surrounding cytoplasm. We would hope however 
that the diverse information currently being 
revealed will subsequently be synthesised into a 
better understanding of chromosome structure. 
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